Abstract A new 3D radioactivity transport model coupled with multiscale circulation and multi-fractional sediment transport modules is presented. The sediment transport module simulates the transport of a mixture of one cohesive sediment fraction and a number of fractions of non-cohesive sediments of different sizes and densities. The model of radionuclide transport describes the key transport and exchange processes in the system of water-suspended and bottom multi-fraction sediments. Two-step kinetics with two successive reversible fast and slow reactions is used in the model. A noticeable feature of the model is approximation of the sediment and contamination profiles in the bed by multiple well-mixed layers to describe the vertical migration of radioactivity within bottom sediments due to erosion/deposition, molecular diffusion and bioturbation. The model accurately reproduced a laboratory experiment on the uptake of radiocesium by lake sediments. An analytical solution describing mutual adjustment of the concentrations of radioactivity in the pore water and in the multi-fraction sediment showed that activity was redistributed between different fractions of sediments far slower than between water and the total concentration in the sediment. The extended one-layer model of bottom contamination of multi-fraction sediments was derived from a general model and compared with a multilayer model. It was found, however, that the one-layer approximation was not capable of correctly predicting the inventory due to the fact that one-layer averaged concentration can essentially differ from the near-surface value in the multi-layer model. Radionuclide 
transport in channel with bottom depression was simulated to estimate the effects of erosion/deposition and the multi-fractionality of sediments on the transport process. It was shown that these factors affect the distribution of sediments by forming local maxima and minima of activity at the beginning and end of the depression, respectively, due to the redistribution of contaminated bottom sediments by flow. The developed model can also be used to simulate the transport of a wide class of toxic substances sorbed on sediments.
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Introduction
An unprecedent release of radionuclides to the ocean occurred due to accident at the Fukushima Daiichi nuclear plant (FDNPP) caused by the Tohoku earthquake and the subsequent tsunami on March 11, 2011 [6] . The released radionuclides were mostly diluted and transported eastward by currents. The bottom deposits contain approximately only 1% of the released radionuclides (mostly 134 Cs and 137 Cs) [5] . However, due to the rapid dilution of radionuclides by intensive currents and eddies, the bottom sediments on the Japan shelf have become the main source of remobilization of activity to water column. Similarly, desorption from bottom sediments is the main source of dissolved 137 Cs in the Irish Sea following the reduction of routine release from the Sellafield reprocessing plant [19] .
Radionuclides are transported in the water column in the solute and sorbed by the suspended sediments. The exchange processes with bed sediments include diffusion from the water column to the pore water of the sediment layer, sorption/desorption, erosion of bed sediment and deposition of suspended matter. The radionuclide migration in sea deposits is governed by molecular diffusion and reworking of sediments by animals (bioturbation). Continuous measurement of the radiocesium distribution on the sea floor in the vicinity of FDNPP demonstrated strong patchiness of activity [15, 37, 39] . The potential reasons include heterogeneity in the physical and chemical features of the sediments [22] and local inhomogeneities of the bottom topography resulting in variations in erosion and deposition [39] . These processes are complex and not fully understood. Table 1 shows the important features of a number of models of radioactivity transport in the marine environment. Diffusion in pore water and bioturbation of the sediments are considered in only a few models [2, 11] of the migration of sedimentary radioactivity. The continuous profile of multi-fraction sediments with inhomogeneous porosity in most of models was substituted by an averaged distribution of a single fraction of sediments. The pore water diffusion and exchange with solids was represented by the semi-empirical sorption-desorption relation for the near-bottom water concentration and concentration in the sediment layer. In common with many trace elements, radionuclide kinetics depend on the grain size. The dependence of the kinetics on the sediment size is taken into account in many models following [1] and [24, 25] . The exchange processes between water and solids in most models are described in the frame of a one-step reversible reaction of sorption/ desorption on the surface of particles (e.g. [18, 26, 27] ); however, the mobility of radionuclides can be affected by a slow sorption process which ''fixes'' the ion to the solids due to the penetration of ions into the structure of sediment particles and interlattice spacing [20, 22, 33, 35] . These processes were taken into account using two-step fast and slow reversible reactions [9, 20, 25, 36] .
However, the existing models do not fully describe the complex processes of radionuclide exchange in the solute between the water column and pore water and in the solid due to the erosion/deposition and redistribution of activity between the bottom sediment fractions. The ability to use a single-layer model of bottom sediments instead of a continuously stratified layer model is also insufficiently justified. In this work, our aim is to develop a radioactivity transport model that can be coupled with a hydrodynamics model 2 Model equations
Hydrodynamics model
The sediment and radionuclide transport models are embedded in the circulation modelling system SELFE/SCHISM [32, 45, 46] in which the Reynolds-averaged Navier-Stokes equations in the hydrostatic and Boussinesq approximations were closed using the generic length-scale turbulence model [40] . The detailed description of the model and methods for the numerical solution of the model equations using an unstructured grid and the finite element method can be found in [32, 46] .
Multi-fraction sediment transport model
The sediment transport model is an extension of the model [30] developed for the transport of multi-fraction non-cohesive sediments. The extended model includes transport of the cohesive sediment where small particles of clay are significantly influenced by surface chemical-electrostatic effects and tend to aggregate together forming flocs in the water column and becoming compact in the bottom sediments [44] . The model simulates the transport of a mixture of one fraction of cohesive sediment (i ¼ 0) and n fractions of noncohesive sediments (1 i n) of different sizes d i and densities q s;i . The sediments are transported in the water column as suspended sediments, and mass exchange between the bottom and the water column is due to deposition and erosion. Sediment particles migrate in the bottom deposit due to bioturbation. Following [30] , a continuous vertical distribution of bottom sediments was approximated as a sequence of well-mixed layers (1 j m), as shown in Fig. 1 . These layers of thickness Z j are characterized by porosity w j , the volume fraction of sediment particles of the ith fraction / i;j in the jth layer ( P n i¼0 / i;j ¼ 1). Describing the deposition and erosion of the mixture of cohesive and non-cohesive sediments, we follow the assumptions [41] that these processes depend on the critical cohesive sediment fraction (i ¼ 0) in the bed / 0;cr . The erosion of mixtures of cohesive and noncohesive sediments is independent process for each sediment fraction in non-cohesive regime when the cohesive sediment content does not exceed critical value (/ 0;1 / 0;cr ), whereas in the cohesive regime (/ 0;1 [ / 0;cr ), the erosion of non-cohesive and cohesive sediments simultaneously occurs as cohesive sediment erosion. Deposition is an independent process for cohesive and non-cohesive sediments. The total number of layers m is constant, requiring merging or splitting of the bottom layers due to deposition and erosion Environ Fluid Mech (2017) 17:1207-1231 1211
processes [43] . Bioturbation is the reworking of sediments by marine organisms. The depth of bioturbation is limited by the availability of organic matters consumed by bioturbating organisms [8] . In general, bioturbation is three-dimensional process which can be non-local due to presence of head-down deposit feeders [7] . Here we confine ourselves to a description of the bioturbation as a diffusion-type process in vertical direction with corresponding bioturbation coefficient. Therefore the bioturbation exchange velocity W ðj;jþ1Þ bt between sediment layers j and j þ 1 (see Fig. 1 is approximated by finite-difference representation by the bioturbation coefficients m B;j in the layers as
The vertical distribution of the bioturbation coefficient can be approximated as m B;j ¼ m B;1 ð1 À z bj =z bt Þ 2 where z bj ¼ P j k¼1 Z k , z bt is the thickness of the bioturbation layer [8] [5] . The detailed description of the sediment transport model is given in the ''Appendix''.
The equations of radionuclide transport
The model of radionuclide transport describes the key processes in the system of watermulti-fraction sediments (see Table 1 ). In the water column, radionuclides in the dissolved and particulate phases are transported by currents (advection processes) with the simultaneous influence of turbulent diffusion. The radionuclides in the dissolved phase interact with the particulate phase radionuclides in suspended sediments and bottom deposits. A transfer of activity between the dissolved and particulate phases is described by adsorptiondesorption processes. The settling of contaminated suspended sediments and bottom erosion are important pathways of radionuclide exchange between the bottom and suspended sediment. The continuous vertical profile of activity in the bottom sediments was also approximated as a sequence of well-mixed layers (Fig. 1) . A transfer of activity between the water column and the pore water in the bottom sediment is governed by several mechanisms: (1) bottom boundary layer turbulence regulated diffusional transfer; (2) molecular diffusion for laminar flows; (3) diffusion driven by the bioturbation; (4) Fig. 1 Schematics of the bottom sediment layers and vertical distribution of the radioactivity concentration in the bottom bioirrigation; (5) advection driven by surface waves; (6) advection driven by subsurface groundwater flow [7, 31] . In the model mechanisms (1)- (2) contribute in the transfer process. Following [9, 20, 26, 35] two-step kinetics with two successive reversible fast and slow reactions is used in the model (Fig. 2) .
The equations for spatio-temporal variations of the concentration of the dissolved phase of radionuclide in the water column C 
where t is time; x, y, z are Cartesian coordinates; z is the vertical coordinate directed upward; U ¼ ðU; V; WÞ is the velocity; r is a 3D vector operator; S 
where m T and K H are the vertical and horizontal eddy diffusivity, respectively (m 2 s À1 ), and r H is the horizontal vector operator. The phase exchange between the dissolved and fast reversible radionuclide fractions is written in terms of the desorption rate a ds (s À1 ) and parameter K d;i (m 3 kg À1 ), whereas a fs and a sf (s À1 ) are the direct and reverse exchange rates between the fast and slow reversible fractions of the radionuclides and k is the decay constant. The total concentration of the fast reversible radionuclide phase in the suspended sediment (Bq m À3 ) is
Parameter K d;i is the distribution coefficient for the one-step reaction [12] . The dependence of K d;i on the sediment particle diameter d i is written following [24] as
where v is the exchange velocity (m s À1 ). The distribution coefficient for the fast reversible fraction decreases with the concentration of competitive ions in water. This effect was parameterized by [26] as a dependence on the salinity S:
where S 0 is constant, S 0 ¼ 45 [16] . As found from experiments [16] a ds is similar for different radionuclides. Following [26] we adopted constant value a ds ¼ 1:16 Á 10 À5 s À1 , whereas the value of v 0 depends on the radionuclide. According to [26] 
Define parameterK d;j asK
The radioactivity in the upper bottom layer (j ¼ 1) exists in three phases (Fig. 2) . The equations for layer averaged concentration of radionuclide in the pore water C À a ds hZ 1 
where
is the solids volume fraction, and h is the correction factor for the desorption rate, which takes into account that in the bed layers, a portion of the sediment particles may be hidden by other sediment particles [26] . This parameter is related to the porosity, however, there are not corresponding experiments. We adopted value h ¼ 0:1 from [26] where it was estimated by calibration. Notice that exchange between layers for the pore water includes a bioturbation component because bioturbation enhances pore water diffusion due to particle mixing.
The boundary conditions for (2)- (4) at the free surface z ¼ g are:
where g is sea level elevation, and q d , q p;i ,q p;i are the atmospheric deposition fluxes (Bq m À2 s À1 ) of dissolved radionuclide and particulate fast and slow phases of radionuclides, respectively. The fluxes into the bottom at z ¼ ÀH are
Unlike other radioactivity transport models [2, 11] , the exchange rate W pw ð0;1Þ (mass transfer coefficient [7] ) is estimated by boundary layer theory [34] and corrected for surface roughness [10] 
where the effective diffusion coefficient m
is a free solution diffusion coefficient corrected for tortuosity in the sediments. The tortuosity parameter w 2 j is related to the porosity following [7] as w 
Model comparison with the laboratory experiment
The model was compared with a laboratory experiment [36] on the uptake of radiocesium by lake sediments. In this experiment, a plastic core tube with sediment from the lake was used. The water level was 2 cm above the sediment core of length 10 cm in the core tube of 6.9 cm diameter. At the beginning of the experiment, 10 kBq of 134 Cs was added to the water layer. After each incubation period, sections of the core were removed, and the concentrations of 134 Cs in the pore water and sediment were measured. The model simulation was conducted for a one-dimensional configuration with 1 mm resolution, where the upper 2 cm layer was filled with water. The simulation parameters were chosen following [36] 
The solutions (25)- (26) indicate that the concentration of activity in the pore water C s;j (e.g. [35] ). However, as follows from (27) , the transition time to the equilibrium state (28) of contamination of multi-fraction sediment $ a À1 ds h À1 is on the order of 10 6 s (10 days), i.e., activity is redistributed between different fractions of sediments far slower than between water and the total concentration in the sediment. Additionally, the transfer of activity due to diffusion and/or bioturbation can also lead to a deviation from the equilibrium approximation (28) . As seen in Fig. 5 , the ratio of 134 Cs concentration of fast reversible phase to the concentration in pore water C b s =C b d slowly approaches to the constant value K d in the simulation of experiment [36] . Therefore, for short-term processes (less than 10 days) the equilibrium assumption for reversible phase (28) is correct only for the total concentration of radioactivity in multi-fraction bottom sediments. For the sediment fraction this assumption can be used for slow long-term processes (including also the slow reversible reactions with characteristic time scales 10 7 À10 8 s) and far from sources of activity (e.g. from interface between water and bottom sediment).
One-layer model of bed sediment contamination
In many models of radioactivity transport, the distribution of activity in sediments is approximated using one layer (see Table 1 ). Taking into account the fact that the transitional time for the pore water concentration to reach equilibrium with the sediment is much 
Using (29), the Eqs. (12)- (13) 
The Eqs. (30) and (31) extend the one-layer models (e.g. [13, 17, 21, 25, 26] ) for the case of multi-fractionality and 2-step kinetics. Here, a bds is the ''desorption'' rate of activity from the sediment layer to the water column and a rs is the ''redistribution'' rate of radioactivity between sediment fractions. Unlike (32), the parameter corresponding to a bds in [13, 17, 21, 25, 26] is empirical and, in particular, does not depend on the layer thickness, exchange rate with the water column, porosity, fraction distribution and kinetics parameters. (32) and (33) 
It is important that the value of a bds in (34) is regulated by both diffusion flux from the water column and by sorption in the sediment layer. In contrast, the desorption rate a ds in (34) does not affect the exchange between the water column and the sediment layer. This is not so for a very thin layer and for strong turbulence in the water or for a small distribution coefficient (see (32) ). The desorption rate a ds in the one-layer model is important for the redistribution of activity between different fractions of sediment regulated by parameter a rs . Consider the idealized case of contamination of a single sediment layer by water through a diffusion mechanism. The Eqs. (30) and (31) 
The concentration of activity in water is prescribed to emulate accidental release and further cleaning of the contaminated bottom: 
where k 1;2 are the roots of the quadratic characteristic equation
The roots of (40) are approximately k 1 % a bds and k 2 % a fs when a bds ) a fs ) a fs . The solution constants are:
Notice that the activity according to (39) is redistributed between the sediment fractions in the equilibrium state due to the particular choice of the clean initial state. À3 in the initial period t 1 ¼ 30 days. In runs 1-3, the composition of the sediments was varied to estimate the effect of the sorption-desorption process. The results of the simulation in Fig. 6 showed that the initial increase of the 137 Cs inventory and the concentration are almost independent of the composition of the sediment. This results can be explained by the fact that the roots (40) are approximately k 1 % a bds and k 2 % 0. Therefore, the dependence onK 6:07 Á 10
À8
The Fig. 6b shows that decrease of sediment inventory is faster for thinner layers. Furthermore, comparison with the multi-layer model ( Fig. 6b shows that the inventory maximum for the multi-layer model runs is several times less than that of the single layer maximum. This result is due to the relatively slow process of diffusional transfer through the bed layers, which results in a higher concentration in the upper layer and less intensive flux of activity from water. The transfer of activity to water for t [ t 1 in Fig. 6b differs from the single-layer model for the same reasons. Therefore, the one-layer approximation was not capable of correctly predicting the bottom sediment inventory. The bioturbation of sediments results in deepening of the contaminated layer compared with pure diffusion. As seen in Fig. 6b , this leads to greater inventory and lower exchange with the water column at t [ t 1 . These conclusions agree with the suggestion of [6] that bioturbation may provide a continuing source of Fukushima Daiichi derived 137 Cs contamination at the sedimentwater interface over long timescales. However, for long timescales, slow reversible reactions in the sediments need to be considered [22] .
Radionuclide transport in a channel with bottom depression
Measurements on the shelf area around the FDNPP [3, 39] showed strong heterogeneity in the distribution of the radiocesium on seafloor after the Fukushima accident. It can be the result of both local heterogeneities of sediment features [11] and the bottom topography [39] . To separate the topography effect from the effects of transport, erosion and deposition of contaminated sediments on the exchange of activity between the seafloor and water, consider the idealized case of a straight channel with a bottom depression (Fig. 7) . The simulations were conducted using a hydrodynamics model [32] coupled with sediment and radioactivity transport models. The k À kl model of turbulence was used. The total length of channel is 40 km, the width is 1 km, and the depth is 10 m. The length of smooth bottom depression is 4 km, and the maximum embedment is 10 m. In the first two numerical experiments (exp. 1 and exp. 2), the bottom was covered by a single-fraction sediment (sand) with grain density q s;1 ¼ 2600 kg m À3 , size d 1 ¼ 150lm and porosity w 1 ¼ 0:6. The roughness height z 0 was 10 À3 m. Steady non-stratified flow with velocity 0.4 m s À1 and salinity S ¼ 34:5 was prescribed at the left entrance of the channel. The free-slip condition on the side walls and free-outflow conditions were used. The horizontal resolution in the finite-element discretization was 50 m, 21 sigma levels were used for the water column and 25 layers of initial thickness of 0.5 cm were used for the bed sediment. 
The simulation was started from a cold start. The suspended sediment concentration was stabilized after several days of simulation spin-up (t 0 ¼ 3days). Then, at period (t 0 t t 1 ), where t 1 ¼ 14days, the concentration of dissolved 137 Cs in the channel entrance was prescribed as 10 6 Bq m À3 , and after this time, at t 1 t, the concentration of 137 Cs in the entrance was zero. In exp. 1, the exchange of activity between the seafloor and water was by diffusion and by erosion and deposition of suspended sediment, whereas in exp. 2, the exchange of activity between the seafloor and water was due to diffusion only.
The vertical distributions of the suspended sediment concentration, concentration of 137 Cs in the solute C w d and on the suspended sediments C w p along the channel at time t À t 0 ¼ 75 days are given in Fig. 8a -c for exp. 1. As shown in Fig. 8a , suspended sediments are concentrated in a relatively thin near-bottom layer. The decrease in velocity and shear stress in the depression results in deposition of suspended sediments on the bed surface and a very low concentration of suspended sediments. At the end of the depression, strong erosion is dominant and the layer of suspended sediments is restored. The concentration of 137 Cs on the suspended sediments follows the distribution of suspended solids. As seen in Fig. 8c , the main source of contamination of the water column 75 days after the initial release of activity is sedimentary radiocesium. The activity in the solute diffused from the bottom pore water and desorbed from the suspended sediments (Fig. 8b) and from the bottom sediments. Turbulent diffusion redistributes the activity in the solute over the entire water column. The concentration in the solute increased along the channel due to remobilization of activity from the bed (Fig. 8c) .
In the subsequent two experiments (exp. 3 and exp. 4), the bottom of the channel was covered by a mixture of three fractions of sand of density q s;i ¼ 2600 kg m Fig. 8d-f . The behaviour of the suspended sediments and the activity for a mixture of sediments essentially differ from the case of a single fraction of sediments. The concentration of suspended sediments in the left side of the channel in exp. 3 is much greater than that in exp. 1 (8a, d) . Therefore, fine sediments clean the water, which results in a lower concentration of 137 Cs in the water for exp. 3 than that for exp. 1 (8c, f). In contrast, the after-depression concentration of activity on the suspended sediments for exp. 3 is lower than that for 1 because the fine fraction was washed out by erosion (8b, e).
The spatial variations of the seafloor concentration C b s;1 and bottom inventory are shown in Fig. 9 . If only diffusion-exchange processes governed by (23) are considered (exp. 2 and 4), then C b s;1 decreases with increasing water column depth, as seen in Fig. 9a , due to the decreasing u Ã in (23) . The inventory also decreases with increasing depth (Fig. 9b) However, for exp. 1 and 3, sediment transport, erosion and deposition vary considerably over the seafloor depression, changing the distribution of contamination in the bottom sediments. As seen in Fig. 8b for the case of a single fraction of sediments (exp. 1), the contaminated sediments are resuspended and transported in the channel to the left edge of the bottom depression, resulting in the maximum surface concentration at x ¼ 18 km. Downstream, this concentration decreases, similarly to the case without erosion/deposition; however, at the right edge of the depression, erosion results in resuspension of contaminated sediments (Fig. 9a) , leading to the minimum C b s;1 at x ¼ 22 km. As in the case without erosion and deposition, the seafloor concentration decreases with time. However, at the left edge of the bottom depression, the inventory increases permanently due to the continuing deposition of contaminated suspended sediments, whereas at the right edge, the inventory decreases due to erosion. For the case of multi-fraction sediments, the maximum surface concentration appeared due to deposition of the finest fraction of sediments. The effect of deposition on the activity redistribution is much more strong, resulting in almost clean sediments at the right side of the depression. The variation in the vertical profiles of the concentration C b s in the bed (Fig. 10 ) is shown in locations 1-5 ( Fig. 7) for t À t 0 ¼ 75 d for exp. 1-4. They explain the variation in the inventory along the channel (Fig. 9b) . The profiles in all locations for exp. 2 and 4 are similar for these experiments, and they slightly vary along the channel. Whereas in exp. 2, the profiles in locations 1 and 5 are similar to each other and to the profiles for the case without erosion and deposition, the profiles along the depression essentially differ. The profile of the concentration in exp. 1 at the left edge of the depression (location 2) shows that this profile was formed due to the deposition of contaminated suspended sediment. The sediment profile in the center of the depression is similar to the profiles in exp. 2 and 4, demonstrating the secondary role of erosion and deposition in the depression. The profile in location 4 shows a decrease in concentration due to erosion after the initial contamination. The profiles for exp. 3 show essential changes in location 2, where deposition of fine sediments results in a high concentration of activity, in location 4, where strong erosion results in bottom cleaning, and even in location 5, where concentration is low due to the lack of transport of sediments that can deposit on the bottom.
These series of simulations indicated that erosion/deposition results in much greater effects on the inventory maximum and minimum than only diffusion exchange. The multifractionality of sediments and erosion/depostion give rise to the asymmetry of the inventory distribution along the symmetric depression whereas for one-fraction sediment this distribution was almost symmetric. 
Conclusions
A new 3D radioactivity transport model coupled with multiscale circulation and multifractional sediment transport modules is presented. The major improvements of the model include: (1) sediment transport module simulating the transport of a mixture of one fraction of cohesive sediment and a number of fractions of non-cohesive sediments of different sizes and densities; (2) multilayer bed sediment model with varying porosity and bioturbation; (3) a model of radionuclide transport describing the key transport and exchange processes in the system of water-suspended and bottom multi-fraction sediments, including two-step kinetics with two successive reversible fast and slow reactions; (4) a noticeable feature of the model is the approximation of sediment and contamination profiles in the bed using multiple well-mixed bed layers to describe the vertical migration of the radioactivity concentration within the bottom sediments due to erosion/deposition and molecular diffusion and bioturbation.
Comparison of the model with a laboratory experiment [36] on the uptake of radiocesium by lake sediments showed good agreement. The geometric mean of the measuredto-simulated ratios for the total concentration in the solid phase was 0.92, with a geometric standard deviation of 1.74. The analytical solution describing mutual adjustment of the radioactivity concentrations in the pore water and in the multi-fraction sediment showed that the activity was redistributed between different fractions of sediments far slower (10 days for 137 Cs) than between water and the total concentration in the sediment (several minutes). This restricts the use of the quasi-equilibrium models (e.g. [35] ) only for longterm processes of radionuclide migration in bottom sediments including also the slow reversible reactions with characteristic time scale range from months to years. We derived an extended one-layer model of bottom contamination of multi-fraction sediments from a general model, obtaining the parameter ''desorption'' rate of activity from the sediment layer to the water column as a function of the layer thickness and sediment properties. However, comparison of the one-layer model with the multi-layer model demonstrated that the one-layer approximation was not capable of correctly predicting the inventory due to the fact that one-layer averaged concentration can essentially differ from the near-surface value in the multi-layer model. Radionuclide transport in a channel with a bottom depression was simulated to estimate the effects of erosion/deposition and the multifractionality of sediments on the transport processes. It was shown that these factors affected the distribution of sediments by forming local maxima and minima of activity at the ends of the depression due to the redistribution of contaminated bottom sediments. The observed patchiness of radionuclide distribution in the bottom sediments [39] is explained by these factors.
The general conclusion from considered cases is that transport of radionuclides in the water column and their migration in sediments can be accurately described in the frame of a multi-fraction sediment transport model, multi-layer bed model and a two-step reversible sequential kinetics. Due to the model versatility it can be applied to the processes of different time and space scales from early stages of accidental releases to long-term contamination of the bottom sediments due to the regular releases. The model output provides a detailed information on 3D distribution of radionuclides in the water column and in the bed and distribution of activity in each fraction of sediments. The simplified version of a model had been used in modelling of the radionuclide dispersion after the Fukushima accident [28, 29] . The simulations of transport and migration in the bottom of 137 Cs after this accident using a full model with special attention to the effects of remobilization and burial processes of activity are in progress to be presented in next paper. The developed model can also be used to simulate the transport of a wide class of toxic substances (heavy metals, organic chemicals, etc.) sorbing on sediments [38] .
